Yersinia pestis is the causative agent of plague, a rapidly fatal infectious disease that has not been eradicated worldwide. The capsular Caf1 protein of Y. pestis is a protective antigen under development as a recombinant vaccine. However, little is known about the specificity of human T-cell responses for Caf1. We characterized CD4 T-cell epitopes of Caf1 in "humanized" HLA-DR1 transgenic mice lacking endogenous major histocompatibility complex class II molecules. Mice were immunized with Caf1 or each of a complete set of overlapping synthetic peptides, and CD4 T-cell immunity was measured with respect to proliferative and gamma interferon T-cell responses and recognition by a panel of T-cell hybridomas, as well as direct determination of binding affinities of Caf1 peptides to purified HLA-DR molecules. Although a number of DR1-restricted epitopes were identified following Caf1 immunization, the response was biased toward a single immunodominant epitope near the C terminus of Caf1. In addition, potential promiscuous epitopes, including the immunodominant epitope, were identified by their ability to bind multiple common HLA alleles, with implications for the generation of multivalent vaccines against plague for use in humans.
Plague was recently classified as a reemerging disease by the World Health Organization (4), and Yersinia pestis, the causative agent, is regarded as a candidate biological weapon (20, 34, 39) . The bubonic form of plague is transmitted by fleas from rodents to humans but the highly infectious pneumonic form passes directly from human to human by aerosols against which vaccination is thought to be less effective (37) . Animal models have been especially important in the study of the pathogenesis of plague as a result of the scarcity of patients with Y. pestis infection or the opportunity to evaluate the protective efficacy of vaccines in humans.
The 100-kb plasmid pFra unique to Y. pestis bears the Caf operon encoding the capsular F1 (Caf1) protein and a number of other proteins required for export and polymerization of the protein capsule on the bacterial cell surface, as well as Caf1R which regulates the temperature-dependent expression of Caf1 upon infection of mammals (51) . The capsule was shown to confer resistance to phagocytosis by macrophages in vitro (12) , but it has now been clearly demonstrated that the lack of Caf1 has minimal impact on virulence in vivo (6, 11, 45) . Instead, virulence is primarily associated with the Lcr plasmid-borne temperature-regulated type III secretion system that encodes a series of Yersinia outer proteins or Yops (5, 28, 37) . The Lcrencoded V protein facilitates the injection of Yops into the cytosol of phagocytes, leading to the inhibition of phagocytosis and inflammatory cytokine release, as well as directly suppressing neutrophil chemotaxis (44) . The enteropathogenic yersiniae also directly suppress T-cell responses (18) . Dendritic cells (DC) are early targets of Yops (7), although it has been shown that Y. pestis disrupts antigen presentation by DC considerably less than has been demonstrated for the enteropathogenic yersiniae (40) and so would be expected to have less impact on the induction of acquired immunity. However, plague is rapidly fatal in the naive host as a result of the virulence factors suppressing innate immunity prior to the induction of acquired immunity (26, 27) . Consequently, enhancing acquired immunity through prophylactic vaccination is a rational strategy to increase the resistance of exposed individuals.
Resistance against plague correlates with the magnitude of antibody titers specific for Y. pestis antigens in synergy with CD4 and CD8 T-cell-derived gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) (13, 37, 46) . Thus, T cells operate at two levels, by providing help for opsonic and neutralizing antibody responses and as effectors releasing inflammatory cytokines to recruit and activate phagocytes to kill the pathogen at the site of infection. Yops are candidate protective antigens (21, 25, 43) and have been shown to induce IFN-␥ responses (26) , although YopE, YopK, and YopN were shown to be immunogenic but not protective in mice (25) . The immunogens most studied are Caf1 and V proteins, and immunization with adjuvant containing Caf1 alone (35) or in combination with V antigen (14, 15, 47, 50) protects susceptible strains of mice and nonhuman primates (3), as well as inducing significant immune responses in humans (48, 49) . Protection has also been achieved by adoptive transfer of Caf1-loaded DC (9, 24) or by passive immunization with monoclonal IgG antibodies specific for Caf1 (2, 19) , both approaches leading to enhanced phagocytosis and killing of Y. pestis.
Although CD4 epitopes of plague antigens have been defined for some inbred mouse strains (23, 31, 33, 36) , no characterization has previously been undertaken of binding to and presentation by human HLA class II molecules. In this report we characterized CD4 T-cell epitopes of Caf1 that bind the common human major histocompatibility complex (MHC) class II allele HLA-DR1 in HLA transgenic mice by multiple approaches.
MATERIALS AND METHODS
Antigens. The Caf1 gene of Y. pestis was cloned, and recombinant Caf1 protein (rCaf1) expressed in E. coli, and purified as previously described (29) . Synthetic peptides of 20 amino acids in length and overlapping by 10 amino acids based on the complete Caf1 sequence, including the signal peptide (accession no. Q65AJ6
[P26948]) were synthesized by J. Gray, Institute of Cell and Molecular Biosciences, University of Newcastle, Newcastle, United Kingdom.
Mice. HLA-DR1 transgenic (DR1-tg) mice carrying full-length genomic constructs for HLA-DRA1*0101 and HLA-DRB1*0101 crossed for more than six generations to C57BL/6 A b -null mice, thus lacking expression of endogenous mouse MHC class II molecules, were generated by us as described previously (1), and bred in-house. The experiments described were performed under the terms of Animals (Scientific Procedures) Act 1986 and authorized by the Home Secretary, Home Office, United Kingdom.
Lymph node proliferation assay. Groups of three or four 8-to 12-week-old DR1-tg mice were immunized in one footpad with 25 g of rCaf1 in Titermax adjuvant (Sigma-Aldrich) or 25 g of synthetic peptides, and popliteal lymph nodes were removed 7 days later for ex vivo assay.
All cells were grown in culture medium (RPMI 1640 medium containing 3 mM L-glutamine, 50 M 2-mercaptoethanol, 10% [vol/vol] fetal bovine serum, and 30 g of gentamicin/ml; Sigma Chemical Co., Poole, Dorset, United Kingdom). Proliferation assays were performed on lymph node cells from groups of DR1-tg mice immunized with rCaf1 or each of the 16 synthetic peptides representing the complete Caf1 sequence. Popliteal lymph node cells were cultured in the presence or absence of a range of doses of rCaf1 or synthetic peptides for 72 h at 3 ϫ 10 5 per well in 200 l of culture medium in 96-well round bottom microtiter plates. Cells were labeled with 14.8 kBq of tritiated thymidine (TRA310; specific activity, 74 GBq/mmol; Amersham International, Buckinghamshire, United Kingdom) for the final 6 h of culture before harvesting on glass fiber membranes and quantitation of radioactivity by using a liquid scintillation counter (Microbeta Trilux; Perkin-Elmer, Waltham, MA). The results are shown for individual mice from groups of at least three as the mean counts per minute (cpm) of triplicate wells, and responses were considered positive when antigen stimulation exceeded twice the cpm of cells cultured in the absence of antigen.
T-cell hybridoma assay. T-cell lines were generated from the lymph node cells of rCaf1-immunized DR1-tg mice by periodic restimulation with antigen and irradiated spleen cells and expansion in recombinant interleukin-2 (rIL-2) as described previously (8) . rCaf1-specific T-cell lines were used to generate T-cell hybridomas by polyethylene glycol fusion of T-cell lines with BW5147 (TCR␣ Ϫ ␤ Ϫ ) cells (a gift from P. Marrack, Denver, CO). T-cell hybridomas were shown to express CD4, CD3ε, and TCR␣␤ by flow cytometry and secreted IL-2 in response to rCaf1-or peptide-pulsed bone marrow macrophages used as antigen-presenting cells.
Bone marrow macrophages were generated as described previously (16) , by culture of femoral bone marrow cells for 6 days in bacteriological petri dishes in the culture medium described above supplemented with 5% horse serum, 1 mM sodium pyruvate, 10 mM HEPES buffer (Sigma), and 5% of a culture supernatant from the L929 cell line as a source of macrophage colony-stimulating factor (M-CSF). Cells were harvested with a cell scraper (ϳ10 7 per petri dish) and shown to be at least 90% macrophages by flow cytometry based on the expression of F4/80.
Macrophages were plated at 4 ϫ 10 4 /well into flat-bottom 96-well plates and activated by treatment with 1 ng of IFN-␥ (R&D Systems, Abingdon, United Kingdom)/ml overnight at 37°C in a humidified CO 2 incubator. The next day, macrophages were treated with culture medium alone or a range of doses of rCaf1 or synthetic peptides in triplicate wells for 3 h before adding T-cell hybridoma cells (4 ϫ 10 4 /well). Plates were incubated for a further 24 h and then frozen. The responses of T-cell hybridomas were determined as the amount of IL-2 released in a bioassay measuring the proliferation of IL-2-dependent CTLL-2 cells (3 ϫ 10 4 /well) in the presence of T-cell hybridoma culture supernatants diluted 1:2. The bioassay was incubated for 24 h in triplicate wells of flat-bottom 96-well microtiter plates, the cells were labeled with 3 H-thymidine as described above, and the results are plotted as the mean cpm of triplicate wells Ϯ the standard deviation. The experiments were repeated at least twice, and the data for a representative experiment are shown.
IFN-␥ ELISPOT assay. Popliteal lymph nodes were removed 7 days after footpad immunization of DR1-tg mice with 25 g of Caf1 or peptides. Lymph nodes were teased in single cell suspension, washed, and resuspended in HL-1 serum-free media (BioWhittaker, Lonza, Slough, United Kingdom), supplemented with L-glutamine and penicillin-streptomycin (Gibco). The frequency of cells producing IFN-␥ was quantified by enzyme-linked immunospot (ELISPOT) assay (Diaclone; Tepnel Research Products and Services, Besançon, France), carried out according to the manufacturer's protocol. In brief, 96-well hydrophobic polyvinylidene difluoride membrane-bottom plates (MAIP S45; Millipore) were prewet with ethanol before coating them with 10 g of anti-IFN-␥ monoclonal antibody (MAb) overnight at 4°C. The plates were then washed with phosphate-buffered saline (PBS), blocked with 2% skimmed milk for 2 h, and washed, and then antigen and lymph node cells (2 ϫ 10 5 cells/well) were added to appropriate wells. The plates were incubated for 72 h at 37°C in 5% CO 2 . The cells were discarded, and the plate was washed three times with PBS-Tween 20 (0.1%), followed by incubation for 90 min at room temperature with biotinylated anti-IFN-␥. After a further wash, streptavidin-alkaline phosphatase conjugate was added, and the plates were incubated at room temperature for 1 h. After a further wash, 100 l of BCIP (5-bromo-4-chloro-3-indolylphosphate) and nitroblue tetrazolium was added. When spots were visible, the contents of the wells were discarded, and the plates were thoroughly washed with tap water, incubated overnight at 4°C, and air dried. The spots were then counted by using an automated ELISPOT reader (Autoimmun Diagnostika, Strasbourg, France). Mice immunized with rCaf1 were screened in triplicate for responses to all 16 Caf1 peptides individually, and mice immunized with peptides were tested for responses to the immunizing peptide and the two flanking peptides. Concanavalin A (5 g/ml) was used as a positive control, and cells incubated in culture medium only as negative control for each mouse and results were expressed as spot-forming cells (SFC) per 10 6 cells. Positive responses were defined as the mean SFC of more than two standard deviations above the mean of the negative control.
HLA-DR peptide-binding assay. HLA-DR molecules were purified from the Epstein-Barr virus (EBV) B-lymphoblastoid cell lines by affinity chromatography using the monomorphic MAb L243 (38) . Binding of peptides to HLA-DR heterodimers was assessed by competitive enzyme-linked immunosorbent assay (ELISA) as previously reported (38) on an automated workstation. Briefly, HLA-DR molecules were diluted in DM buffer (10 mM phosphate, 150 mM NaCl, 1 mM n-dodecyl ␤-D-maltoside, 10 mM citrate [pH 6.0]) with an appropriate biotinylated peptide and serial dilutions of competitor peptides. Unlabeled forms of the biotinylated peptides were used as reference peptides to assess the validity of each experiment. The sequences and 50% inhibitory concentrations (IC 50 s) of reference peptides were as follows: HA 306-318 (PKYV KQNTLKLAT) for DRB1*0101 (4 nM), DRB1*0401 (8 nM), and DRB1*1101 (7 nM); YKL (AAYAAAKAAALAA) for DRB1*0701 (3 nM); A3 152-166 (EAEQLRAYLDGTGVE) for DRB1*1501 (48 nM); MT 2-16 (AKTIAYDEE ARRGLE) for DRB1*0301 (100 nM); and B1 21-36 (TERVRLVTRHIYN REE) for DRB1*1301 (37 nM). After 24 to 72 h of incubation at 37°C, the samples were neutralized with 50 l of 450 mM Tris-HCl (pH 7.5), 0.3% bovine serum albumin, and 1 mM DM buffer and applied to 96-well Maxisorp ELISA plates (Nunc, Denmark) previously coated with 10 g of L243 MAb/ml. Samples were allowed to bind to the antibody-coated plates for 2 h at room temperature. Bound biotinylated peptide was detected by incubating streptavidin-alkaline phosphatase conjugate (GE Healthcare, Saclay, France) and, after washings, by adding 4-methylumbelliferyl phosphate substrate (Sigma, France). The emitted fluorescence was measured at 450 nm upon excitation at 365 nm. The peptide concentration that prevented binding of 50% of the labeled peptide (i.e., the IC 50 ) was determined. The data are expressed as the relative affinity, the ratio of the IC 50 of test the peptide to the IC 50 of the reference peptide, which is a high binder to the corresponding HLA-DR molecule. Average and standard error values were calculated from three independent experiments.
Regions of the Caf1 sequence that bind HLA-DRB1*0101 were predicted by using the IEDB analysis resource based on a consensus method that averages the ranking of three independent algorithms-Sturniolo, SMM_align, and ARB
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(average relative binding)-by comparing the score of a peptide against the scores of five million random 15-amino-acid peptides selected from Swiss-Prot database: the smaller the percentile rank, the higher the affinity (41, 42) .
RESULTS
T-cell responses of Caf1-immunized DR1-tg mice. To identify potential immunodominant CD4 T-cell epitopes of Caf1, groups of DR1-tg mice were immunized in the footpad with rCaf1 in adjuvant or with PBS in adjuvant as a control. Proliferation responses of popliteal lymph node cells to Caf1 and each of 16 overlapping peptides representing the complete Caf1 sequence including the signal peptide (Table 1) were assayed in vitro 7 days later (Fig. 1a) . A T-cell proliferation response was detected in all rCaf1-immunized mice to rCaf1 and to peptide 15 but not to any of the other Caf1 peptides. Sham (PBS)-immunized mice did not proliferate above background in response to any of the peptides.
T-cell lines propagated from popliteal lymph node cells from two Caf1-immunized mice were used to generate cloned T-cell hybridomas. A total of 18 T-cell hybridomas responded modestly to Caf1, and 17 of the T-cell hybridomas also responded to both peptides 14 and 15 but none of the other Caf1 peptides (Fig. 1b) . The remaining T-cell hybridoma recognized Caf1 and peptide 16 (Fig. 1b) .
Additional groups of three mice were immunized with Caf1, and the frequency of popliteal lymph node cells responding to in vitro stimulation with Caf1 peptides by the production of IFN-␥ was measured by ELISPOT assay. Peptide 7 and peptides 10 to 16 induced IFN-␥-producing cells above background from popliteal lymph nodes of one or more Caf1-immunized mice (Fig. 2a) . Responses of the greatest magnitude were seen to peptides 11, 12, 14, and 15 (Fig. 2a) . The positive control concanavalin A induced the largest responses in all mice, and none of the peptides were stim- (Fig. 2b) .
T-cell responses of peptide-immunized DR1-tg mice.
There is increasing evidence for the importance of subdominant and cryptic epitopes during infections since these responses can become more prominent in a disease context (42) . For this reason, groups of DR1-tg mice were immunized with individual Caf1 peptides to identify any additional cryptic and subdominant epitopes in peptides that did not recall detectable responses from Caf1-immunized mice (Fig. 3) . The responses of peptide-immunized mice to immunizing and flanking peptides can also be used to determine whether epitopes are shared between two adjacent peptides. Lymph node cells were assayed for proliferation responses to the immunizing and flanking peptides.
All mice immunized with peptide 15 responded to the immunizing peptide, some also responding to peptide 14 ( Fig. 3n  and o ). Mice immunized with peptide 14 also responded to both peptides 14 and 15, suggesting that the immunodominant epitope seen in Caf1-immunized mice is in fact shared between the two peptides 14 and 15. One or more of the mice immunized with peptides 1, 5, 9, and 11 also responded to the immunizing peptides but not either flanking peptide (Fig. 3a, e,  i, and k) , and the remaining peptides did not induce proliferation responses in peptide-immunized mice (Fig. 3b, c, d, f, g,  h, j, l, m, and p) .
Separate groups of mice were immunized with individual Caf1 peptides for measurement of IFN-␥-producing cell frequencies by ELISPOT assay. Peptides 2, 11, 14, 15, and 16 induced IFN-␥ in one or more mice; responses of the largest magnitude were induced by peptide 15 (Fig. 2c) . In each case, recall responses were induced by the immunizing peptide but not flanking peptides either side in each case, except that peptide 14-immunized mice also responded to peptide 15 (data not shown).
Peptide binding to HLA-DR molecules. All 16 Caf1 peptides were tested for binding to a total of seven common HLA-DR alleles, including DR1 ( Table 2 ). Peptides 1, 2, 5, and 15 bound DR1 with high affinity (relative values of Ͻ10) and peptide 16 with intermediate affinity (relative value of Ͻ100). The remaining 11 peptides showed a low affinity for DR1. All five DR1-binding peptides also bound between two and four additional DR alleles with high or intermediate affinity in different combinations of DR4, DR7, DR11, and DR15 but not DR3 or DR13 (Table 2) . Importantly, the immunodominant peptide identified by the present study in HLA-DR1 transgenic mice was a broad or promiscuous binder and so of likely relevance for potential use for the vaccination of individuals of multiple common HLA haplotypes.
Regions of the Caf1 sequence that bind HLA-DRB1*0101 were predicted by using the IEDB analysis resource and expressed as the highest consensus score for any core within each of the 16 Caf1 peptides (Table 1) . Peptides 1, 2, and 15 were the highest binders, giving values comparable to those of the reference peptide containing the influenza virus hemagglutinin epitope HA 306-318 (22) . The prediction data correlated with the three Caf1 peptides showing the best binding to HLA-DRB1*0101 (Table 2 ). Peptide 5 was also a high-affinity binder but was not predicted by the methods used here.
DISCUSSION
Relatively little is known about the specificity of human T-cell responses to Y. pestis. This is important in a number of ways: (i) to gain a better understanding of subversion of immunity in the pathogenesis of plague, (ii) to design epitope vaccines, and (iii) from a perspective of fundamental immunology, to contribute to our understanding of the interface between bacterial infection and host T-cell immunity. Because of the logistical problems inherent in identifying Y. pestis immune human subjects, we have here undertaken complete analysis HLA-DR1-restricted CD4 T-cell epitopes of Caf1 of Y. pestis by multiple approaches. We used mice transgenic for HLA DRB1*0101 in the absence of endogenous mouse MHC class II so that all T-cell responses detected were DR1 re- (Fig. 1) . It is therefore of considerable interest to dissect the basis of Caf1 immune recognition in more detail. We show here that the HLA-DRrestricted CD4 T-cell response is dominated by recognition of a single Caf1 epitope and that this response is likely to have broad-ranging applicability to human populations since the epitope binds with varying affinity to all of the HLA-DR alleles tested.
The single immunodominant epitope of Caf1 was identified within peptide 15 (Caf1 141-160 ), overlapping with the sequence in peptide ) and demonstrated by multiple approaches. Peptide 15 was the only peptide to recall T-cell responses consistently in Caf1-immunized mice measured both as proliferation and as IFN-␥-secreting cell frequency. The presence of an epitope shared by peptides 14 and 15 was confirmed by proliferation responses and IFN-␥-secreting cell frequency in peptide-immunized mice, and both peptides 14 and 15 were also recognized by the majority of T-cell hybrid- omas generated from Caf1-immunized mice. However, lymph node T cells taken directly ex vivo from Caf1-immunized mice recognized peptide 15 but not 14, possibly showing a dominance of a particular fine specificity for peptide 15 in the in vivo T-cell repertoire. In addition, it was shown that peptide 15 was among the five peptides that bound DR1 with high affinity and was the only peptide from the mature Caf1 protein predicted as an epitope by consensus of the combined algorithms of the IEDB analysis resource. Peptides 7, 10, 11, 12, 13, and 16 also stimulated IFN-␥-producing cells, although not recalling proliferation responses in Caf1-immunized mice, suggesting additional immunodominant or subdominant epitopes in these peptides. Of these, only peptides 11 and 16 induced IFN-␥-producing cells in peptideimmunized mice. The presence of an epitope on peptide 16 was confirmed by the specificity of one of the T-cell hybridomas generated from Caf1-immunized mice. The epitope on peptide 16 is distinct from that on peptide 14/15 because neither the peptide 16-specific T-cell hybridoma nor peptide 16-immunized mice recognized peptide 15. Peptide 16 also bound DR1 with intermediate affinity and was one of the higherscoring peptides by epitope prediction. The epitope on peptide 11 was also confirmed in proliferation and IFN-␥ assays following peptide immunization, although this peptide bound HLA-DR with low affinity.
All five peptides that bound DR1 elicited a T-cell response in at least one of the functional assays. However, several peptides (peptides 4 and 6 to 14), recognized by T cells in one or more of the assays, did not show detectable binding to HLA-DR1, suggesting that strong binding to a particular MHC class II allele is not a prerequisite for a functional helper T-cell epitope. Additional peptides (peptides 4, 5, 8, and 9) were shown to include epitopes by peptide immunization using both proliferation and IFN-␥ assays. The lack of strong responses to these peptides in Caf1-immunized mice identify them as cryptic epitopes (30) .
An unexpected outcome of the present study was the identification of one or more DR1-restricted epitopes in the signal sequence of Caf1. All 20 amino acids of peptide 1 and the first 11 amino acids of peptide 2 represent the signal sequence of Caf1 (17) . T-cell responses to peptide 1 in Caf1-immunized mice were not detected (Fig. 1a) and would not be expected because the mature rCaf1 protein lacks the signal sequence. However, a marginal response in lymph node proliferation assay was detected in one mouse immunized with peptide 1 (Fig. 3) and in separate experiments cells from one peptideimmunized mouse responded by IFN-␥ production (Fig. 2c) . Peptide 1 also bound with high affinity to DR1, as well as DR7 and DR15 (Table 2) , and scored highest in epitope prediction analysis. Similar results were obtained for peptide 2. Thus, the data suggest the presence of at least one CD4 T-cell epitope within the signal sequence by several approaches. In addition, we have infected DR1-transgenic mice with Y. pestis and measured T-cell responses as secreted IFN-␥ upon in vitro recall to the Caf1 peptide set, and some mice responded to peptides 1 and 2 (data not shown), suggesting that after cleavage from Caf1, the signal sequence is available for antigen presentation during infection. It remains to be determined whether the location of CD4 T-cell epitopes within the signal sequence of proteins from bacteria is a general phenomenon.
Although the functional mapping of T-cell epitopes was confined to HLA-DR1, we also examined the binding of all 16 Caf1 peptides to seven different, common HLA-DR alleles. Remarkably 15 of the 16 Caf1 peptides bound with high or intermediate affinity to one or more of the DR alleles tested, including alleles of the same (DR1, DR4, DR7, and DR11) or different HLA-DR supertypes (10) . In particular, peptides 2, 14, and 15 demonstrated the greatest promiscuous binding properties, each binding to five of the seven alleles. Of the remaining peptides, three bound to three alleles, five bound to two alleles, and three bound to a single allele, and peptide 9 was the only peptide that bound none of the DR alleles. Epitopes that bind multiple HLA alleles are termed promiscuous or universal (32) and would be particularly valuable for use in epitope-defined vaccines. In addition, we have previously mapped HLA-DQ8-restricted CD4 T-cell epitopes of Caf1, as well as the immunodominant mouse H-2 d -and H-2 brestricted epitopes of Caf1, including one within peptide 15 (Table 1 ) (31).
In conclusion, this is the first report identifying HLA-restricted CD4 T-cell epitopes of a major plague vaccine antigen. In particular, we have shown that the T-cell response after Caf1 vaccination is focused on a single immunodominant epitope with properties of a promiscuous HLA class II binder.
